Invasive aspergillosis is the most common opportunistic fungal infection in immunosuppressed patients with cancer. Despite the availability of new antifungal agents active against Aspergillus species in vitro and improved supportive care, mortality rates from invasive aspergillosis remain high [1] [2] [3] . Given the propensity of Aspergillus species to invade and occlude pulmonary vasculature, we and others hypothesized that vasculopathy may be a key contributor to treatment failure in invasive aspergillosis [4] [5] [6] .
Angioinvasion, vascular thrombosis, and tissue infarction have long been recognized as central histopathological features of invasive pulmonary aspergillosis [7] [8] [9] . Moreover, tissue hypoxia has recently been demonstrated in Aspergillus-infected lung tissue of both neutropenic and nonneutropenic immunosuppressed mice [10] . Thus, both Aspergillus and host cells must adapt to an oxygen-limited microenvironment in the setting of invasive pulmonary aspergillosis. Indeed, an Aspergillus mutant deficient in a sterol regulatory element-binding protein required for hypoxia adaptation (ΔSrbA) was virtually avirulent in immunosuppressed mice [11] . For the host, angiogenesis represents a critical adaptive response to tissue hypoxia. We have previously shown that angiogenesis is suppressed, both in vitro and in vivo, by Aspergillus fumigatus secondary metabolites, specifically by the epipolythiodioxopiperazine gliotoxin [5] . Downregulation of host genes encoding for important mediators of angiogenesis, such as basic fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF), and their respective receptors, occurred within 24 hours of infection in cyclophosphamide/cortisonetreated (neutropenic) mice but not corticosteroid-suppressed (nonneutropenic) mice [5] . Therefore, we hypothesized that, in the neutropenic host, the homeostatic angiogenic response is attenuated by A. fumigatus, leading to worsening tissue hypoxia and sequestration of infected tissue. Suppression of angiogenesis may represent a barrier to effective treatment of invasive pulmonary aspergillosis, as it limits the migration of immune effector cells and penetration of antifungal drugs into the site of infection. These findings suggested that repletion of proangiogenic growth factors might potentiate both innate antifungal defenses and the activity of antifungal drugs in vivo.
In the present study, we aimed to determine whether bFGF and VEGF, alone or in combination with amphotericin B, would reverse angiogenesis inhibition at the site of A. fumigatus infection and improve survival rates in an experimental model of invasive pulmonary aspergillosis.
MATERIALS AND METHODS

Aspergillus Culture
A. fumigatus strain Af293 was grown on yeast extract agar glucose (YAG; yeast extract, 5 g/L; glucose, 10 g/L; agar, 15 g/L; MgCl 2 1 M, 10 mL/L; and trace elements, 1 mL/L) at 37°C for 48-72 hours. Conidia were collected in sterile saline, washed 3 times, and enumerated in a hemacytometer. Conidial suspensions were prepared at 2.5 × 10 8 cells/mL for intranasal inoculation ( pulmonary model [5] ) and at 5 × 10 7 cells/mL for subcutaneous inoculation (cutaneous model [12] ). The inoculum suspensions were serially diluted in sterile saline and inoculated on YAG plates to verify <10% variation in viable conidia concentrations.
Drug Preparation
Amphotericin B deoxycholate (X-Gen Pharmaceuticals, Big Flats, NY) was prepared in sterile water at 5 mg/mL and further diluted 1:50 in 5% dextrose in water. Recombinant human VEGF, proximal splice site 165 (rh-VEGF 165 ; R&D Systems, Minneapolis, MN), was prepared in sterile phosphate-buffered saline (PBS) with 0.1% bovine serum albumin at 10 µg/mL. Recombinant human bFGF (rh-bFGF; R&D Systems) was prepared in sterile PBS at 25 µg/mL.
Drug Susceptibility Testing
We performed susceptibility testing of A. fumigatus strain Af293 to VEGF, bFGF, and the combination bFGF/VEGF by broth microdilution [13] at a range of relevant concentrations (0.015-4 µg/mL). We found no direct effect of bFGF, VEGF, or the combination on Af293 growth at these concentrations (data not shown).
Mouse Model of Invasive Pulmonary Aspergillosis
Six-week-old female BALB/c mice weighing 18-20 g (National Cancer Institute, Bethesda, MD) were used for the pulmonary aspergillosis model. All procedures were performed according to the highest standards for humane handling, care, and treatment of research animals and were approved by the M. D. Anderson Cancer Center Institutional Animal Care and Use Committee. Mice were kept in filter-topped cages in groups of 5 and fed autoclaved food and water. Immunosuppression was achieved by injection of cyclophosphamide monohydrate (100 mg/kg) intraperitoneally 4 days and 1 day before inoculation and injection of cortisone acetate (250 mg/kg) subcutaneously 1 day before inoculation. On inoculation day, 35 µL of A. fumigatus conidial suspension containing 8.75 × 10 6 freshly collected conidia were instilled intranasally under 2.5% isoflurane anesthesia. Additional doses of cyclophosphamide (100 mg/kg intraperitoneally) were given on days 2 and 5 after inoculation to maintain neutropenia. It should be noted that, because mice received a dose of cortisone acetate in addition to cyclophosphamide, the invasive pulmonary aspergillosis model described here is not a pure neutropenic model. We selected this protocol because we previously found it to be associated with rapid downmodulation of VEGF and bFGF gene expression in mouse lungs following infection with A. fumigatus [5] . Mortality was assessed daily until day 7 after inoculation. Animals displaying signs of morbidity were euthanized, and their death was recorded as occurring 12 hours later.
Treatment Regimens
We evaluated treatment with rh-bFGF, rh-VEGF 165 , and amphotericin B, individually and in combinations, for their effects on mortality, tissue fungal burden, and in situ angiogenesis in the murine invasive pulmonary aspergillosis model. Mice were allocated into the following 8 treatment arms: (1) amphotericin B, 1 mg/kg daily intraperitoneally for 5 days starting 3 hours after inoculation (AmB arm); (2) rh-VEGF 165 , 20 ng intravenous injection 3 hours after inoculation (VEGF arm); (3) rh-bFGF, 2 doses of 1.6 µg intravenously 3 hours and 5 hours after inoculation (bFGF arm); (4) amphotericin B plus rh-VEGF 165 (doses as described above; AmB/VEGF arm); (5) amphotericin B plus rh-bFGF (AmB/bFGF arm); (6) rh-VEGF 165 plus rh-bFGF (VEGF/bFGF arm); (7) amphotericin B plus rh-VEGF 165 and rh-bFGF (AmB/VEGF/bFGF arm); and (8) mock treatment (intravenous saline injection). The rh-VEGF 165 dose was based on a study showing that 20 ng rh-VEGF 165 was sufficient to activate the phosphoinositol 3′-kinase/Akt signaling pathway in the lungs of mice, whereas a 10-fold higher dose was associated with toxicity due to interstitial edema [14] . The bFGF regimen was previously shown to protect mouse gut endothelial cells from radiation damage [15] . Mice were evaluated in each treatment arm in groups of 10, and experiments were repeated 3 times for a total of 30 mice per treatment arm.
Pulmonary Fungal Burden
Pulmonary fungal burden was determined in a subset of mice euthanized 72 hours after inoculation, as described previously [16, 17] . In brief, DNA was extracted from whole lung homogenates using the DNeasy blood and tissue kit (Qiagen, Valencia, CA). DNA samples were assayed in duplicate using an ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). For each sample, real-time quantitative polymerase chain reaction (qPCR) was performed in duplicate, using primers and a dually labeled fluorescent hybridization probe complementary to a sequence from the A. fumigatus 18S ribosomal RNA gene (GenBank accession no. AB008401). The cycle threshold of each sample was interpolated from a 7-point standard curve prepared by spiking uninfected lungs with known amounts of A. fumigatus 293 conidia (10
.
Histopathological and Immunohistochemical Analyses
Mouse lungs were excised 72 hours after infection, fixed in 10% formalin, embedded in paraffin wax, and sectioned. Specimens were stained with hematoxylin and eosin and with Gomori methenamine silver for semiquantitative assessment of fungal burden. For CD31 immunostaining, slides were rehydrated to water, and protein was digested with proteinase K for 10 minutes. Next, the slides were incubated with rat anti-mouse CD31 antibody (1:50; BD Pharmingen, San Jose, CA) for 60 minutes at room temperature, followed by incubation with anti-rat biotinylated secondary antibody for 30 minutes. Detection was performed by incubation with streptavidin-horseradish peroxidase solution for 30 minutes, followed by 3,3′-diaminobenzidine chromogen substrate for 5 minutes. Slides were counterstained with Mayer's hematoxylin, dehydrated, and covered by a coverslip.
In Vivo Matrigel Assay
To determine the effect of treatment with rh-VEGF 165 and rhbFGF on angiogenic activity around A. fumigatus-infected tissue, we induced cutaneous aspergillosis in cyclophosphamide-treated mice and analyzed angiogenesis in Matrigel plugs implanted subcutaneously near the site of infection [5] . Female BALB/c mice weighing 18-20 g (National Cancer Institute) were treated with cyclophosphamide (100 mg/kg) intraperitoneally 4 days and 1 day before infection. Infection was performed by injecting 100 µL of suspension containing 1.75 × 10 6 conidia subcutaneously into the right thigh of each mouse, under 2.5% isoflurane-induced anesthesia. Control mice received subcutaneous injection of sterile normal saline (sham infection). Additional cyclophosphamide (100 mg/kg intraperitoneally) was given 2, 4, and 6 days after inoculation, to maintain neutropenia. Mice (5 per treatment group) were treated with rh-VEGF 165 , rh-bFGF, or saline control, using the same protocol as the invasive pulmonary aspergillosis model. Matrigel (BD Biosciences, San Jose, CA) was thawed and mixed with heparin (Fisher Scientific, Pittsburgh, PA) at 64 U/mL. On day 3 after inoculation of A. fumigatus conidia, 500 µL of Matrigel was injected between the A. fumigatus infection site and the dorsal midline, 10 mm from the infection site. Five days later mice, were killed by CO 2 -induced asphyxiation, and Matrigel plugs were excised, fixed in 10% formalin, embedded in paraffin wax, sectioned, and stained with Masson trichrome stain. Slides were observed with an Olympus BX41 microscope fitted with an Olympus DP71 camera. Images of approximately 10 randomly selected fields per specimen were captured at ×100 magnification, using Cell A imaging software (Olympus 
Amphotericin B Pulmonary Tissue Concentrations
Lung tissue concentrations of amphotericin B were measured in a subset of mice killed 72 hours after inoculation (3 per treatment arm). The concentration of amphotericin B was assayed in lung homogenates by high-performance liquid chromatography at a reference laboratory (Fungal Testing Laboratory, University of Texas Health Science Center, San Antonio, TX).
Statistical Analysis
Survival curves were plotted using the Kaplan-Meier method, and comparisons among different treatment groups were performed with the log-rank test. Pulmonary fungal burdens (conidial equivalent rank sums) and tissue amphotericin B concentrations were analyzed using the nonparametric Kruskal-Wallis test, and the Dunn posttest was used to compare the rank sums of each pair of treatment arms. A P value threshold of < .05 was used to determine statistical significance. Statistics were calculated in GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). However, treatment with AmB/VEGF significantly increased the survival rate as compared to saline treatment (HR, 0.31; 95% CI, .19-.50; P < .0001), AmB alone (HR, 0.41; 95% CI, .25-.65; P = .0002), and VEGF alone (HR, 0.44; 95% CI, .27-.73; P = .0016). Of note, although treatment with AmB/ VEGF prolonged the median survival period from 3 days (with saline treatment) to 5 days, the survival rate at 7 days was not significantly different between the 2 treatment arms (8.5% for saline control and 10% for AmB/VEGF). Treatment with rh-bFGF alone significantly increased the survival rate as compared with saline treatment (HR, 0.47; 95% CI, .24-.92; survival rate at day 7, 25.6% vs 8.6%, respectively; P = .028). Combined treatment with rh-bFGF plus amphotericin B increased the survival rate, compared with saline treatment (HR, 0.18; 95% CI, .10-.35; P < .0001), treatment with AmB alone (HR, 0.21; 95% CI, .11-.40; P < .0001), and treatment with bFGF alone (HR, 0.26; 95% CI, .09-.70; P = .008). The survival rate at 7 days was 62.9% in the bFGF/ AmB arm, which was significantly higher than in any of the other treatment arms (Figure 1 ).
Combined treatment with rh-VEGF 165 and rh-bFGF increased the survival rate as compared to the saline treatment arm (HR, 0.42; 95% CI, .22-.81; P = .009) but not more so than treatment with rh-bFGF or rh-VEGF 165 alone (P = .9). Similarly, treatment with rh-VEGF 165 /rh-bFGF plus AmB increased the survival rate as compared to the saline treatment arm (HR, 0.27; 95% CI, .14-.51; P < .0001) and the AmB arm (HR, 0.34; 95% CI, .18-.64; P = .0008). However, the survival rate in the rh-VEGF 165 /rh-bFGF/AmB arm was nonsignificantly lower than that in the rh-bFGF/AmB arm (HR, 2.3, P = .07; Figure 1 ). Thus, we found no evidence of synergistic interaction between rh-VEGF 165 and rh-bFGF.
rh-bFGF in Combination With Amphotericin B Reduces the Pulmonary Fungal Burden
Consistent with the survival analyses, pulmonary fungal burden (measured by qPCR and expressed as conidial equivalents) was significantly reduced in the bFGF/AmB arm and, to Figure 2 . Tissue fungal burdens in the lungs of mice with invasive pulmonary aspergillosis 72 hours after infection. Tissue fungal burden was determined by real-time quantitative polymerase chain reaction with primers and probe specific for a sequence from the Aspergillus fumigatus 18S ribosomal RNA gene and expressed as conidial equivalents. Comparison of all treatment arms (30 mice per treatment arm) with the nonparametric Kruskal-Wallis test showed significant heterogeneity (P < .0001). Treatment arms that differed significantly from the saline control (Ctrl) or amphotericin B (AmB) treatment arms by the Dunn posttest are marked as **P < .001 and ***P < .0001. Abbreviations: bFGF, recombinant human basic fibroblast growth factor; VEGF, recombinant human vascular endothelial growth factor, proximal splice site 165. Figure 1 . Survival curves of immunosuppressed mice with invasive pulmonary aspergillosis treated with various combinations of proangiogenic growth factors and amphotericin B (AmB). BALB/c mice were immunosuppressed with cyclophosphamide and cortisone acetate and infected intranasally with Aspergillus fumigatus conidia, as described in Methods. Kaplan-Meier survival curves are shown for 8 different treatment arms (30 mice per treatment arm). Survival curves that differed significantly from the saline treated control group by the log-rank test are marked as *P < .05 and **P < .001. Abbreviations: bFGF, recombinant human basic fibroblast growth factor; VEGF, recombinant human vascular endothelial growth factor, proximal splice site 165. a lesser degree, in the bFGF arm, relative to other treatment arms. Specifically, the median pulmonary fungal burden was 1.0 log lower in the bFGF arm (9.6 × 10 7 ) and 1.7 log lower in the bFGF/AmB arm (2.4 × 10 7 ) as compared with no treatment (1.1 × 10 9 ; P < .001; Figure 2 ).
rh-bFGF and rh-VEGF 165 Modulate Angiogenesis and Inflammatory Response in Invasive Pulmonary Aspergillosis
Different patterns of histopathological findings were observed in lung specimens from various treatment groups. In untreated controls and AmB-treated mice, typical features of invasive pulmonary aspergillosis in neutropenic hosts were seen ( Figure 3) . Specifically, lung tissue was extensively invaded with branching hyphae, and there was scant polymorphonuclear leukocyte (PMNL) infiltration. Immunostaining for the endothelial cell surface marker CD31 (PECAM-1) showed little-to-no angiogenic activity in the vicinity of Aspergillusinfected lung tissue, although CD31-positive blood vessels could be observed in peripheral lung zones where no Aspergillus hyphae were present ( Figure 3 ). In contrast, in both rh-VEGF 165 and rh-bFGF-treated mice, a network of CD31-positive vessels was seen throughout the lung parenchyma, including around and among fungal hyphae. Moreover, hyphae were loosely dispersed, as opposed to the vasculocentric hyphal "sunburst" pattern seen in untreated controls. In bFGF/AmB-treated mice, enhanced angiogenic activity was accompanied by striking PMNL infiltration of fungal lesions, inflammatory necrosis of lung tissue, and reduced fungal burden (Figure 3) . However, disordered angiogenesis and multiple areas of hemorrhagic necrosis were evident in VEGF-and VEGF/AmB-treated mouse lungs, with no apparent reduction in tissue fungal load (Figure 3 ).
rh-bFGF and rh-VEGF 165 Reverse the Antiangiogenic Activity of A. fumigatus In Vivo
To provide quantitative assessment of the effects of rh-bFGF and rh-VEGF 165 treatment on angiogenesis at the site of Figure 3 . Angiogenic and inflammatory responses in mouse lungs. Mouse lungs were removed 3 days after infection with Aspergillus fumigatus and stained with Gomori methenamine silver (GMS) or hematoxylin and eosin (H&E) combined with CD31 immunostaining, as described in Methods. Lungs of saline-treated mice (A) and amphotericin B (AmB)-treated mice (B) showed typical features of invasive aspergillosis in neutropenic hosts, consisting of extensive mycelial invasion of lung parenchyma and scant neutrophilic infiltrate. CD31-positive microvessels were absent from the periphery of fungal lesions. In both recombinant human vascular endothelial growth factor, proximal splice site 165 (VEGF)-treated mice and recombinant human basic fibroblast growth factor (bFGF)-treated mice, fungal hyphae were more widely dispersed, and networks of CD31-positive microvessels were observed around and inside Aspergillus-infected zones. Angiogenesis was disordered in AmB/VEGF-treated lungs, and large areas of hemorrhagic necrosis (HN) were observed. In AmB/bFGF-treated mice, the angiogenic response seen in bFGF-treated mice was augmented by neutrophilic infiltration of Aspergillus-infected zones, inflammatory necrosis (IN), and reduced fungal burden. Magnification: GMS, ×100; H&E/CD31, ×400; bottom panel, ×100.
invasive aspergillosis, we performed in vivo Matrigel assays in mice with cutaneous aspergillosis. As previously reported [5] , endothelial network formation was significantly reduced in Matrigel plugs implanted proximal to cutaneous Aspergillus lesions. Treatment with rh-bFGF reversed the inhibitory activity of Aspergillus infection and restored angiogenic activity to uninfected control levels (Figure 4) . Surprisingly, treatment with rh-VEGF 165 increased the Matrigel cell fraction above that of rh-bFGF treatment. However, inspection of Matrigel plugs from these mice revealed a disordered endothelial network and multiple blood-filled lacunae, consistent with the formation of immature and leaky microvessels and similar to our observations in CD31-stained mouse lungs (Figure 4 ).
bFGF and VEGF 165 Treatment Does Not Alter Amphotericin B Lung Tissue Concentrations
To determine whether rh-bFGF and rh-VEGF 165 treatment affects the accumulation of amphotericin B in lung tissue, we measured amphotericin B tissue concentrations in whole lung homogenates from each of the treatment arms. Amphotericin Figure 4 . Angiogenesis at the site of invasive aspergillosis. Angiogenesis was measured in vivo, using Matrigel plugs implanted proximal to cutaneous aspergillosis lesions. All images were obtained 5 days after Matrigel plug implantation (Masson trichrome stain, ×100 magnification). Extensive endothelial cell migration and capillary network formation was seen in mice that received sham infection (A). In contrast, angiogenesis was almost completely inhibited in Aspergillus fumigatus-infected mice (B and E). Treatment with recombinant human basic fibroblast growth factor (bFGF; C and E) restored angiogenesis to uninfected control levels. Treatment with recombinant human vascular endothelial growth factor, proximal splice site 165 (VEGF; D and E), induced endothelial cell migration into Matrigel plugs and the formation of erythrocyte-filled lacunae, likely reflecting the formation of immature leaky neovessels.
B tissue levels were not significantly different between mice treated with AmB alone and those treated with AmB in combination with either rh-bFGF or rh-VEGF 165 (data not shown; P = .28).
DISCUSSION
Invasive aspergillosis remains a frequently fatal disease in immunocompromised patients [1] [2] [3] . Failure of amphotericin B treatment has been shown to occur despite full susceptibility to this drug [6] , suggesting that impaired drug delivery may be an important factor. The introduction of novel antifungals, notably voriconazole and the echinocandins, represented significant progress in the treatment of invasive aspergillosis [2, 18] . Nevertheless, even with optimal medical management, as many as 30%-40% of patients with invasive aspergillosis die of the infection [2, 3] . Importantly, the efficacy of voriconazole, currently the drug of choice for invasive aspergillosis [18] , is threatened by the emergence of azole-resistance among clinical and environmental Aspergillus isolates [19] . Therefore, new treatment strategies against invasive aspergillosis are urgently needed [20] .
In the hyperacute/high-inoculum invasive pulmonary aspergillosis model used in this study, amphotericin B deoxycholate monotherapy was ineffective at reducing mortality rate and tissue fungal burden. In contrast, treatment with rh-VEGF 165 , rh-bFGF, or both significantly prolonged survival duration. rh-bFGF treatment had a greater effect on survival rate than rh-VEGF 165 and, in addition, significantly reduced the tissue fungal burden. Moreover, rh-bFGF and rh-VEGF 165 potentiated the in vivo activity of amphotericin B, leading to significantly improved survival rates and to lower pulmonary fungal burdens in mice receiving the bFGF/AmB combination. These effects correlated with enhanced angiogenic activity at the site of infection in both pulmonary and cutaneous models of invasive aspergillosis. Patterns of hyphal growth were also affected by bFGF and VEGF therapy; vasculocentric "sunburst" formations, considered to represent metastatic foci of infection in the lung [21] , were absent in treated mice, suggesting that proangiogenic therapy limited the vascular spread of A. fumigatus.
An interesting feature of bFGF/AmB-treated mouse lungs was the presence of neutrophilic infiltrates in Aspergillusinfected tissue, suggesting that the beneficial effect of bFGF may be attributable, at least in part, to increased influx of PMNLs into the fungal lesion. Of note, amphotericin B has well-documented proinflammatory effects, including enhanced release of proinflammatory cytokines from monocytes [22] and additive antifungal effects with PMNLs against A. fumigatus hyphae [23] . Our results do not allow us to determine whether bFGF increases the delivery of AmB to Aspergillusinfected tissue. AmB concentrations in whole-lung homogenates were not affected by rh-bFGF or rh-VEGF 165 treatment; however, these crude measurements do not necessarily reflect AmB concentrations within the fungal lesions, and this issue merits further study.
Treatment with rh-VEGF 165 and VEGF/AmB was associated with modest effects on the survival rate of mice with experimental invasive aspergillosis and with no effect on fungal burden, compared with treatment with rh-bFGF and bFGF/ AmB, respectively. In our previous work, downregulation of bFGF gene expression in mouse lungs during the acute phase of invasive aspergillosis was more prominent than that observed for VEGF gene expression [5] . Taken together, these findings suggest that the bFGF pathway is the more important target of A. fumigatus anti-angiogenic secondary metabolites. Another explanation for the relative lack of efficacy of rh-VEGF 165 monotherapy is that this growth factor is known to induce the formation of immature and unstable microvessels that are hyperpermeable and leaky [24, 25] . In support of this hypothesis, analysis of pulmonary tissue specimens and Matrigel plugs implanted at the site of cutaneous invasive aspergillosis in VEGF-treated mice revealed disorganized angiogenesis, extruded erythrocytes, and hemorrhagic necrosis. Thus, VEGF-induced angiogenesis is ineffective at reversing invasive aspergillosis-associated vasculopathy.
Our observations allow us to propose a theoretical model for the role of vasculopathy in invasive aspergillosis pathogenesis. A. fumigatus invades pulmonary vessels by penetrating vascular endothelial cells from their abluminal side, precipitating tissue factor expression and intravascular thrombosis [26, 27] . These direct effects are compounded by the inhibition of compensatory angiogenesis by A. fumigatus secondary metabolites [5] . Ischemia induces necrotic cell death and the release of damage-associated molecular patterns ("alarmins"), which activate cellular signaling pathways that converge on nuclear factor kB (NF-kB) [28] , a powerful proangiogenic signal [29] . Inhibition of NF-kB and HIF-1α-driven angiogenic response by A. fumigatus-secreted gliotoxin and, likely, by other, as yet uncharacterized secondary metabolites is expected to promote tissue hypoxia [5, 10] . This hypoxic/necrotic environment bears similarity in many respects to the natural ecosystem to which A. fumigatus is well adapted: the compost heap [30] . Specifically, high temperature, low oxygen tension, varying pH, and restricted supply of carbon sources and metal ions are environmental challenges that are met by A. fumigatus thermotolerance, nutrient-regulated stress responses, and highly efficient ion-scavenging systems [31, 32] . Moreover, vascular injury might sequester infected tissue, severely impairing access to antifungal agents [6] and immune effector cells and allowing invasive aspergillosis to progress unchallenged. Our results indicate that shifting the balance from A. fumigatusdriven antiangiogenic activity to proangiogenic signaling may facilitate fungal clearance and response to amphotericin B. However, our observations in the neutropenic invasive aspergillosis setting do not allow us to generalize this model to nonneutropenic corticosteroid-treated hosts.
Because most cases of invasive aspergillosis occur in patients with hematological malignancies, the effect of proangiogenic factors on cancer progression should be taken into account. The role of angiogenesis in solid tumor progression is well established, and similar associations have been recently described for various hematologic cancers. For example, the expression of VEGF and marrow microvessel density correlate with poor prognosis in acute myelocytic leukemia [33] . Future research will need to address concerns about the use of proangiogenic growth factors in such patients. Strategies targeted at selectively modulating angiogenesis at the site of infection are warranted, to avoid unwanted systemic proleukemic effects.
In summary, our results provide the first evidence that proangiogenic factors can favorably affect the course of invasive aspergillosis and its response to conventional antifungal treatment. Viewed in the context of our previous work [5] , these findings indicate that overcoming the antiangiogenic activity of secondary metabolites secreted by A. fumigatus could represent a novel therapeutic strategy for this difficult infection. More broadly, recognition that the vasculopathy associated with invasive aspergillosis presents a barrier to successful fungal clearance may open a path to the discovery of novel drug targets.
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